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RuvAB-mediated branch migration does not involve extensive
DNA opening within the RuvB hexamer
Helen George*, Isao Kuraoka*, David A. Nauman†‡, William R. Kobertz†§,
Richard D. Wood* and Stephen C. West*
The Escherichia coli RuvA and RuvB proteins promote
the branch migration of Holliday junctions during the
late stages of homologous recombination and DNA
repair (reviewed in [1]). Biochemical and structural
studies of the RuvAB–Holliday junction complex have
shown that RuvA binds directly to the Holliday
junction [2–6] and acts as a specificity factor that
promotes the targeting of RuvB [7,8], a hexameric
ring protein that drives branch migration [9–11].
Electron microscopic visualisation of the RuvAB
complex revealed that RuvA is flanked by two RuvB
hexamers, which bind DNA arms that lie diametrically
opposed across the junction [8]. ATP-dependent
branch migration occurs as duplex DNA is pumped
out through the centre of each ring. Because RuvB
possesses well-conserved helicase motifs and
RuvAB exhibits a 5′–3′ DNA helicase activity in vitro
[12], the mechanism of branch migration is thought to
involve DNA opening within the RuvB ring, which
provides a single strand for the unidirectional
translocation of the protein along DNA. We have
investigated whether the RuvB ring can translocate
along duplex DNA containing a site-directed
interstrand psoralen crosslink. Surprisingly, we found
that the crosslink failed to inhibit branch migration.
We interpret these data as evidence against a base-
by-base tracking model and suggest that extensive
DNA opening within the RuvB ring is not required for
DNA translocation by RuvB.
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Results and discussion
The experimental rationale was to determine whether
RuvB could promote branch migration by translocation
along duplex DNA containing a site-directed interstrand
psoralen crosslink. Introduction of the crosslink prohibits
strand separation within the RuvB ring and might be
expected to block branch migration if the reaction
involved extensive DNA opening. To provide the sim-
plest model system, we used a three-armed Y-junction
rather than a four-way X-junction. Previous studies have
shown that RuvAB promotes efficient branch migration of
Y-junctions in vitro [13–15]. 
To produce a site-directed interstrand crosslink, we made
use of a chemically synthesised monoadduct between a
psoralen derivative and thymidine [16]. The psoralen
monoadduct was incorporated into an oligonucleotide 26
nucleotides long (Oligo 1) [17], which was annealed with
three other oligonucleotides to form a three-armed junc-
tion (Figure 1a). Upon exposure to long-wave UV light
(320–410 nm), the psoralen adduct in Oligo 1 reacts with
an adjacent thymidine on the complementary strand to
form an interstrand covalent crosslink (a diadduct).
The Y-structure has two short (12 bp) arms and one long
(44 bp) arm containing the crosslink near the junction
point (Figure 1a). It has been shown that the RuvB
hexamer spans ~25 bp of DNA and, as a consequence, will
only assemble on the long arm of the Y-structure [18].
Assuming that RuvB loading is restricted to the long arm,
unidirectional branch migration catalysed by RuvAB
would give rise to the products shown in Figure 1b
(duplex DNA with splayed single-stranded arms and a dis-
placed single strand). In addition to the Y-junction con-
taining the psoralen crosslink (referred to as Y-2), we also
prepared a Y-junction containing the monoadduct without
crosslinking (Y-1) and a similar substrate without psoralen
modification (Y). Each junction was end 5′-labelled on
Oligo 1 with 32P. 
As psoralen crosslinks are known to distort the local DNA
structure [19,20], and the crosslink in Y-2 is located close
to the junction point where RuvA binds, we first con-
firmed that the modified substrates could be bound by
RuvA. Band-shift assays showed that RuvA bound all
three Y-junctions (Figure 2). As observed previously with
X-junctions [2,21], two defined protein–DNA complexes
were detected, which are thought to result from the
binding of either one or two tetramers of RuvA.
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To determine whether the interstrand crosslink blocks
RuvAB-mediated branch migration, the Y-junctions were
incubated with RuvA, RuvB or RuvAB (Figure 3a). We
found that RuvAB promoted efficient branch migration
with all three substrates (lanes 3,4,10,11,15,16), giving rise
to the expected 32P-labelled splayed-arm product, which
migrated at the same position as a marker composed of
Oligos 1, 2 and 3 (lane 6). Branch migration products were
not detected with either RuvA (lanes 2,9,14) or RuvB
alone (lanes 5,12,17). 
It is remarkable that the presence of the interstrand
crosslink had no adverse effect on the branch migration
reaction. It was therefore essential to confirm the presence
of the crosslink. To do this, the products of branch-migra-
tion (as shown in Figure 3a) were analysed by denaturing
polyacrylamide gel electrophoresis (Figure 3b). With junc-
tion Y-2, a slowly migrating band was observed which was
identified as 32P-labelled Oligo 1 crosslinked to Oligo 2
(Figure 3b, compare lanes 13–17 with the marker in lane
6). In contrast, denaturation of the unmodified junction
(Y), or the junction containing the psoralen monoadduct
(Y-1), led to 32P-labelled Oligo 1 migrating as expected for
a single oligonucleotide (Figure 3b, compare lanes 1–5 and
8–12 with the marker in lane 7).
RuvAB-mediated branch migration requires ATP hydro-
lysis [10]. To test the requirement for ATP hydrolysis in
the branch migration of Y-2, reactions were conducted in
the presence of ATP, its non-hydrolysable analogue
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Figure 1
Y-junction DNA substrate and experimental
rationale. (a) The synthetic three-armed junction
Y-2. Oligo 1, containing a cis-syn
2-carbomethoxypsoralen furan-side thymidine
monoadduct as indicated (psoralen), was 5′-
end-labelled with 32P and annealed to Oligo
2, essentially as described [26]. Interstrand
crosslinks were induced by UV irradiation at
365 nm using a BLAK-RAY UV lamp, model
XX-15 (UVP). A total dose of 33 kJ/m2 was
given over 10 min. During irradiation, the
sample was kept on ice and was covered with a
plastic petri dish to eliminate 254 nm UV light,
which reverses the photoadducts. Crosslinked
products were purified by excision of the band
from a 12% denaturing polyacrylamide gel
(containing 7 M urea), followed by electroelution
and dialysis [26]. The product was annealed
with excess Oligos 3 and 4, and the resultant
Y-junction was purified on a 10% neutral
polyacrylamide gel as described [26]. Two
control substrates, one containing a psoralen
monoadduct (Y-1) and the other without
psoralen modification (Y), were also prepared by
annealing Oligos 1–4 followed by
polyacrylamide gel purification. The lengths of
the DNA arms are indicated. (b) Schematic
diagram indicating branch migration of
Y-junction DNA by RuvAB. Because of the
asymmetry of the Y-junction, the RuvAB complex
assembles with the RuvB ring bound to the long
DNA arm. As a consequence, branch migration
is unidirectional, resulting in the displacement of
Oligo 4 as indicated. To promote branch
migration, the RuvB ring translocates along
duplex DNA in the direction indicated and needs
to traverse the interstrand psoralen crosslink. 
Figure 2
Binding of Y-junctions by RuvA. Band-shift assays were conducted
as described [2], except that reactions (5 µl) contained 4 nM 32P-
labelled junction DNA (in terms of moles of junction) and RuvA as
indicated. Incubation was for 5 min at 37°C. Protein–DNA
complexes were separated on low ionic strength 4% polyacrylamide
gels. Electrophoresis was carried out at 4°C for 2 h at 150 V, with
continuous recirculation of buffer. RuvA–DNA complexes were
detected by autoradiography.
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ATPγS, or in the absence of a nucleotide cofactor
(Figure 4). Products were observed only in the presence
of ATP (lane 4) confirming that branch migration, rather
than junction-binding alone, was required for the release
of Oligo 4.
Previous studies with asymmetric X-junctions similar to
those used in the present experiments showed that RuvB
fails to assemble on short DNA arms, and that binding to
the long arms of the substrate results in unidirectional
branch migration [18,22]. These experiments also demon-
strated that RuvB translocates along the DNA in the
direction of the RuvA-bound crossover. Relating these
studies to the present work, we propose that the RuvB
ring promotes branch migration of the Y-structure by
moving from left to right, as indicated in Figure 1b. As
the crosslink in Y-2 is positioned close to the junction
point (Figure 1a), the formation of branch-migration
products would require the translocation of the RuvB
hexamer past the crosslink. The results therefore indicate
that extensive DNA helicase activity by RuvB is not
required for branch migration.
The data presented above appear to rule out a single-
strand base-by-base tracking mechanism, but do not
eliminate the possibility that the interstrand crosslink
may be bypassed if RuvB uses a large step size during
translocation. Chemical probing of an active RuvAB–Holl-
iday junction complex failed to detect extensive duplex
opening within the RuvB ring, however (C.A. Parsons and
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Figure 3
Branch migration of Y-junctions by RuvA and
RuvB. (a) Reaction mixtures (5 µl) contained
4 nM 32P-labelled junction DNA (5′-32P-
labelled on Oligo 1) in 20 mM Tris-HCl
pH 7.5, 10 mM MgCl2, 2 mM ATP, 2 mM
dithiothreitol, 10 mM NaCl and 100 µg/ml
bovine serum albumin. RuvA and RuvB were
added as indicated. After 15 min incubation at
37°C, reactions were put on ice and 0.5 µl
stop buffer (3.3% SDS, 0.17 M EDTA) was
added to 3 µl of each reaction. The
deproteinised DNA products were analysed
by 10% neutral PAGE (4°C; 5 h at 120 V) and
visualised by autoradiography. Markers M1
and M2 contained 32P-labelled Oligo 1
annealed with Oligos 2 and 3, or with Oligos
2 and 4, respectively. (b) Analysis of the
branch migration products by denaturing
PAGE. The remaining 2 µl of each branch
migration reaction in (a) were denatured, by
heating for 3 min at 95°C in the presence of
formamide, and loaded onto an 8%
denaturing polyacrylamide gel (25 min at
100 W). Markers M3 and M4 contained
32P-labelled Oligo 1 crosslinked to Oligo 2, or
Oligo 1 alone, respectively. 32P-labelled DNA
was detected by autoradiography.
Figure 4
ATP-dependence of RuvAB-mediated branch migration of Y-2.
Reactions were carried out as described in the legend to Figure 3a,
except that ATP (2 mM) was omitted or replaced with ATPγS
(2 mM) as indicated. RuvA and RuvB were added as shown.
Following a 15 min incubation at 37°C, the 32P-labelled DNA
products were deproteinised and analysed by 10% PAGE followed
by autoradiography. Markers M1 and M2 correspond to annealed
Oligos 1, 2, 3 and Oligos 1, 2, 4, respectively.
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S.C.W., unpublished observations), even though tran-
sient DNA opening by RuvB has been demonstrated
under certain reaction conditions [23,24].
These results may instead provide the first support for an
alternative model in which RuvB drives branch migration
by translocation along duplex DNA without strand separa-
tion. If this is the case, what factors determine directional-
ity? Electron microscopic studies have shown that the
RuvB hexamer possesses a large and a small tier and that
in the RuvAB–junction complex the two RuvB rings are
oppositely oriented [25]. This bipolar arrangement results
in the DNA being pumped out through the small end of
each RuvB ring during branch migration. Thus, the polar-
ity of the rings relative to the junction, as directed by
RuvA during complex assembly, could impose the direc-
tionality of translocation. The ability of RuvB to effi-
ciently bypass an interstrand crosslink in DNA may have
important implications for the mechanism of translocation
by other hexameric ring proteins.
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